We demonstrate manifestation of some rather unusual size effects in granular thin films prepared by a pulsed laser deposition technique. We observed that the temperature dependence of resistivity ρ ( ) T notably depends on the relation between the grain size R g and the film thickness d. Namely, more granular LaNiO 3 thin films (with small values of R g ) grown on LaAlO 3 substrate are found to follow a universal ρ ( ) ∝ T T 3/2 law for all the measured temperatures. While less granular thin films (with larger values of R g ), exhibit a more complicated behavior accompanied by a clear-cut crossover (around
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Introduction
Recently, ferroelectric thin films have received much attention for their application in non-volatile random memory (NVRAM) and microsensors devices [1] [2] [3] [4] . Due to improved fatigue and aging characteristics, various types of conducting oxides with perovskite crystal structure (applied as bottom electrodes) have been used, including
(YBCO) [5] , IrO 2 [6] , SrRuO 3 [7] , and LaNiO 3 (LNO) [8] . These materials possess noticeable advantages over the conventionally used Pt electrodes due to the fact that they better combine with ferroelectric thin films such as ( ) Pb, Ca, Sr TiO 3 [9] , ( ) Pb Zr, Ti O 3 [10] , BaTiO 3 [11] , etc. Probably one of the most promising materials for this purpose is the metallic oxide LNO [12] [13] [14] [15] [16] which has a rather good compatibility with many oxides substrates typically used for deposition, such as SrTiO 3 (STO) and LaAlO 3 (LAO), among others. When it comes to fabrication of LNO based thin films for their use as electrodes in lower layers for ferroelectric memory devices, it is of a vital importance to understand the underlying physical mechanisms governing the properties and, ultimately, the performance of these devices.
Clearly, the growing process plays the major role in obtaining high quality thin films fit for applications. In this regard, the pulsed laser deposition (PLD) technique is probably one of the best choices because it can provide samples with atomically smooth surfaces, matching the composition of the target, and providing controllable deposition at a wide range of oxygen pressure.
The prime goal of the present paper is to demonstrate how granularity of highly (100)-oriented LNO thin films deposited on LAO substrates by PLD influences the measured transport properties of these films. In particular, we found that the electron scattering mechanism (governing the temperature behavior of resistivity) drastically depends on the ratio between an average grain size R g and the film thickness d, providing a complimentary (to structural measurements) method to probe the films structure.
Experimental
In order to provide high quality samples, PLD technique was used to deposit thin films of LNO on (100) oriented LAO substrate with typical dimensions of × × 5 5 0.5mm 3 . Laser wavelength and repetition rate were λ = 248 nm (KrF laser with 25 ns pulse duration) and = f 2 Hz, respectively. The laser energy was maintained constant during the deposition and the beam was focused on the ceramic targets by a quartz lens to a fluency of around − 1.2 J cm 2 for all the samples. During ablation, the target was rotated (20 rpm) in order to reduce non uniform erosion and to get the films as homogeneous as possible. The heater power was monitored by a computer during the increase and decrease of the temperature. The temperature during deposition was measured by a thermocouple in contact with the heater and the bottom (back side) of the substrate. The substrate was placed parallel to the target and the distance between them was around 4.8 cm which was the best distance found due to the length of the plume. Before deposition, the base pressure of ≤ − P 10 mbar base 7
was applied and then the substrates were heated at 800°C for 20 min to get a carbon free and high crystalline surface. Deposition temperature for all films was defined as =°T 625 C under a flowing oxygen pressure of = P 0.22 mbar dep maintained by a computerized mass flow controller to 80.0 SCCM (standard cubic centimetres per minute). After the deposition, the samples were in situ annealed at the same temperature of the deposition for 1 h under 500 mbar oxygen pressure to improve the quality of films and decrease the oxygen vacancy. The dense and crack-free LNO ceramic circular target with diameter of 5 cm and thickness of 1.25 cm was prepared from highly pure polymeric precursors by Pechini method [17] using (98% Aldrich). The calcination and sintering were performed in the air at 900°C for 4 h and at 1200°C for 6 h, respectively. The target was polished after every film deposition to ensure comparable deposition conditions, especially the deposition rate. After that, the pre-ablation process was carried out for 30 s to prevent the deposition of the weakly bonded particles.
Results and discussion
To test the dependence of transport properties on the granularity of the sample, two different thin films (with the same thickness = d 33 nm) have been prepared. The films thickness was confirmed by using field-emission scanning electron microscopy (FEG SEM) [13, 18] . An average grain size of = R 22 nm g and = R 29 nm g for two studied films was deduced from the atomic force microscopy (AFM) images presented in Fig. 1 .
It should be emphasized that the PLD technique is rather complicated and it involves many experimental parameters and conditions (such as surface heating, deposition rate, oxygen pressure, etc) which should be satisfied during the samples preparation and which are not so easy to control. One of the possible reasons for a markedly different granular structure could be attributed to slightly different deposition rates and/or a rather significant surface contamination from the environment (for one of the films). Further studies are needed to clarify this question.
Microstructure and crystallographic orientation of the films were characterized by X-ray diffraction (XRD) scans (see Fig. 2 ). XRD measurements of the films were carried out using a Shimadzu XRD-6000 diffractometer with α CuK radiation. The unit cell refinements were performed using the Le Bail method through the GSAS/EXPGUI code [19, 20] . The results revealed that our films crystallize into a cubic perovskite structure with a space group symmetry
and lattice parameters around = a 0.386 nm. Also, it was confirmed that the growth of the films occur in the (100) direction.
The electrical resistivity ρ ( ) T was measured using the conventional four-probe method. To avoid Joule and Peltier effects, a dc current = μ I 100 A was injected (as a one second pulse) successively on both sides of the sample [21, 22] . The voltage drop V across the sample was measured with high accuracy by a KT 256 nanovoltmeter. Fig. 3 shows the typical results for the temperature dependence of the resistivity ρ ( ) T in our LNO LAO / thin films heterostructures with different granularity. According to Fig. 3(a) , a more granular film (with
) exhibits a universal T 3/2 behavior of resistivity over the entire measured temperature range and is well fitted by the following expression [16, 18] :
Recall [16, 18, [23] [24] [25] [26] [27] ] that the T 3/2 law has been attributed to resonant scattering of conducting electrons on thermally activated spin fluctuations which begin to dominate the scattering process in our thin films heterostructure at the onset temperature ≃ T 23 K sf . On the other hand, according to Fig. 3(b) , a less granular film (with
) exhibits a clear-cut crossover (around
The latter is known [15] to be a signature of the electron-phonon scattering mechanism. More precisely, the temperature dependence of resistivity for the less granular films can be reasonably well fitted by the following expressions below and above the crossover temperature T cr , respectively: Fig. 3(b) , the onset temperature for spin fluctuations driven scattering mechanism is ≃ T 15 K sf , markedly lower than for more granular films. Besides, from the high-temperature linear temperature dependence, we can estimate an effective electron-phonon coupling constant λ according to the following expression [13] :
Using [13] ω ≃ 1.1 eV p for plasmon frequency in LNO films, we obtain λ ≃ 0.2, in a reasonable agreement with available data on this parameter [28, 29] .
Let us discuss now a possible origin of the crossover temperature T cr . Based on our previous experience with nanogranular (bulk) graphite [30] and superconducting thin films [31] , we were able to come up with the following explicit expression:
Here, a is the lattice parameter, and m* is an effective carrier mass. The origin of Eq. (5) is related to the so-called temperature dependent size effects (modified for thin films) which manifest themselves when an average grain size R g becomes comparable with the thermal de Broglie wavelength Λ π
. More precisely, the crossover temperature in thin granular films is defined by the following condition: , from Eq. (5) we obtain * ≃ m m 9.9 e for an effective electron mass (in terms of the free mass m e ), in a rather good agreement with the estimates of this parameter reported in the literature [32, 33] . On the other hand, the same Eq. (5) 
Conclusions
In summary, by using a pulsed laser deposition technique, we prepared two LaNiO 3 thin films (grown on LaAlO 3 substrate) with the same thickness d but two distinctively different grain sizes R g . By measuring the temperature dependence of resistivity ρ ( ) T , we observed that more granular films (with smaller R g ) follow a universal T 3/2 law (attributed to resonant scattering of conducting electrons on thermally activated spin fluctuations) for all the measured temperatures. While less granular thin films (with larger R g ), exhibit a crossover (around = T 200 K cr ), from ρ ( ) ∝ T T 3/2 law (for < < T 20 K 200 K) to electron-phonon dominated linear law ρ ( ) ∝ T T (for < < T 200 K 300 K). The obtained results suggest that a possibility to observe a crossover like behavior of resistivity strongly depends on the ( ) d R / g ratio in the studied granular thin films.
